Autophagy is a process preserving the balance between synthesis, degradation and recycling of cellular components and is therefore essential for neuronal survival and function. Several key proteins govern the autophagy pathway including beclin1 and microtubule associated protein 1 light chain 3 (LC3). Here, we show a brain-specific reduction in beclin1 expression in postmortem hippocampus of schizophrenia patients, not detected in peripheral lymphocytes. This is in contrast with activity-dependent neuroprotective protein (ADNP) and ADNP2, which we have previously found to be deregulated in postmortem hippocampal samples from schizophrenia patients, but that now showed a significantly increased expression in lymphocytes from related patients, similar to increases in the anti-apoptotic, beclin1-interacting, Bcl2. The increase in ADNP was associated with the initial stages of the disease, possibly reflecting a compensatory effect. The increase in ADNP2 might be a consequence of neuroleptic treatment, as seen in rats subjected to clozapine treatment. ADNP haploinsufficiency in mice, which results in age-related neuronal death, cognitive and social dysfunction, exhibited reduced hippocampal beclin1 and increased Bcl2 expression (mimicking schizophrenia and normal human aging). At the protein level, ADNP co-immunoprecipitated with LC3B suggesting a direct association with the autophagy process and paving the path to novel targets for drug design.
INTRODUCTION
Autophagy is a highly regulated process, having a crucial impact on cellular homeostasis. While autophagy is constitutively active in cells, it also presents an adaptive tactic to survive stress conditions, such as starvation. 1 Autophagy is particularly important in the highly sensitive cells of the nervous system-the neurons. By preserving the balance between synthesis/degradation and recycling of cellular components, autophagy is essential for neuronal survival. Blockade of autophagy in neurons led to cell death and neurodegeneration in rodents. 2, 3 Several studies pointed out that abnormality in autophagy may lead to activation of apoptosis 4, 5 as detected in the most prevalent neurodegenerative disease, Alzheimer's disease (AD). Schizophrenia and AD have similarities in the pattern of regional brain dysfunction, biochemical dysfunction and apoptotic processes. 6 Postmortem brain neuropathology in schizophrenia is characterized by synaptic and dendritic deficits in the cerebral cortex and hippocampus, findings that may be related to neuroimaging evidence of reduced gray matter volume and a 40% volume reduction in the CA2 of the hippocampus in schizophrenic patient. 7, 8 The protein beclin1, central to the regulation of autophagy, is involved in formation of autophagosomes by membrane recruitment. 9 Beclin1 functions in tumor suppression, life-span extension, cell death regulation, embryonic development, immune defense as well as in prevention of neurodegeneration and heart diseases. Beclin1 knockout is lethal to mouse embryos at day 7.5 in utero.
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Upregulation of beclin1 is essential for differentiation and for the autophagy process, whereas depletion of beclin1 may trigger apoptotic processes. 11, 12 In an amino-acid starvation model, beclin1 knockdown enhanced proapoptotic signals. 13 An alteration in beclin1 expression has been reported in early AD. 14 One of the main autophagy markers is the family of the microtubuleassociated protein 1 light chain 3, LC3 proteins (LC3, LC3A and LC3B). 15 LC3 is cleaved at the C-terminal to LC3-I and transformed by phosphatidylethanolamine (PE) to LC3-II. LC3II connects to the autophagosome membrane. 16 Two-hybrid system analyses showed a potential direct interaction between LC3B and activity-dependent neuroprotective protein (ADNP). 17 ADNP 18 and the homologous protein ADNP2 provide cell protection. 19 Both proteins are highly conserved in humans, mice and rats. 20 These two-protein family members (ADNP and ADNP2) share structural domains including a homeobox domain profile and zinc finger domains, 21 and may serve as transcription factors. 22 ADNP was shown to regulate multiple gene families during embryonic development, including key transcription factors and essential genes associated with neurogenesis/ organogenesis, lytic vacuoles and lipid transport. ADNP knockout in mice is embryonic lethal (at day 9.5) implicating ADNP as 1 essential for neural tube closure and brain formation. 23, 24 ADNP haploinsufficient mice (ADNP +/ − ) showed a delay in neuronal tube closure compared to control mice and reduced astrocyte ability to provide neuroprotection coupled with age-related neuronal death. In addition, ADNP +/ − mice showed cognitive deficits and social dysfunction. 25 Interestingly, ADNP immunoreactivity is found in the nuclei as well as in the cytoplasm 26 and in the extracellular space, 27 and the ADNP sequence includes a nuclear localization signal, leucine-rich nuclear export sequence 21 and cellular secretion/internalization sequences. 27 In the nucleus, ADNP and ADNP2 are part of the chromatin remodeling complex, SWI/SNF. 22, 28 Recombinant ADNP provides neuroprotection 29 and ADNP silencing/reduction results in increases in the proapoptotic P53 21 and decreases in the neuronal/dendritic marker microtubule associated protein 2 (MAP2). 26 ADNP contains a short eight amino-acid peptide sequence, NAPVSIPQ, called NAP. 18 NAP impacts neuronal differentiation and survival in-vivo and in-vitro by interacting and stabilizing microtubule dynamics. 30, 31 NAP reduces the expression of P53, 32 of activated caspase 3, [33] [34] [35] the release of mitochondrial cytochrome C 36 and DNA fragmentation, 33 and protects the expression of MAP2, 37 thereby inhibiting apoptosis. Since ADNP presents clear developmental roles as well as a microtubule/neuroprotective role coupled with a phenotype of social and cognitive dysfunction in the haploinsufficient mouse, 25 it was hypothesized that ADNP/ADNP2 expression may be deregulated in schizophrenia. Indeed, results showed ADNP and ADNP2 deregulation in postmortem hippocampus of schizophrenia patients compared to healthy matched controls. In addition, ADNP2 deregulation correlated with the disease progression. 38 In a model of schizophrenia, the microtubule associated protein 6 (MAP6)-deficient mouse (also known as the stable tubule only (STOP) deficient mouse), the ADNP peptide fragment NAP provided protection against schizophrenia-like behaviors (hyperactivity and cognitive deficits). 39 In a clinical trial, based on NAP efficacy in animal models, NAP (davunetide) protected functional capacity (activities of daily living) in schizophrenia patients 40 and provided neuroprotection. 41 Here, we propose a mechanism for cellular deregulation in schizophrenia associated with autophagy. Our results showed a significant reduction in beclin1 transcripts in the hippocampus but not in circulating lymphocytes of schizophrenia patients. The results suggested that brain autophagy has a role in the pathophysiology of schizophrenia. Our results further tied ADNP with the autophagic machinery by showing direct ADNP-LC3B interaction and decreased beclin1 RNA expression in the hippocampus of the ADNP +/ − mouse. Furthermore, we found increased ADNP expression in circulating lymphocytes from schizophrenia patients compared to healthy controls and a negative correlation with disease duration, suggesting a possible compensatory mechanism/a biomarker for disease onset. We also found that ADNP2 expression is increased as a result of chronic clozapine (CLZ) treatment. Postmortem hippocampal transcript levels of Bcl2, a beclin1-interacting antiapoptotic protein, 42 correlated positively and significantly with age in normal controls but not in schizophrenia patients. A similar trend was observed in lymphocytes. In contrast to the pattern of changes in beclin1 transcript levels, Bcl-2 transcript level was found to be increased in lymphocytes from schizophrenia patients and in the ADNP +/ − mouse hippocampus compared to controls. These results contribute to the understanding of the etiology of schizophrenia, towards potential future biomarkers en route to a novel target for drug design.
MATERIALS AND METHODS Subjects
Postmortem hippocampal brain samples from 12 schizophrenia patients and 12 matched normal controls were obtained from the Victoria Brain Bank at the Florey Institute for Neuroscience and Mental Health, Australia. RNA extraction, reverse transcription and quantitative real time PCR were performed as described before and were under the same permission to use human materials (Ben Gurion University 38 ). RNA integrity was routinely measured, as before. 38 Lymphocyte RNA was isolated from controls (n = 13) and schizophrenia (n = 13) patients (age and sex matched without any other serious physical illness) and purified from blood specimens using Trizol reagent (Sigma, St Louis, MO, USA) with further purification of the RNA phase by the RNeasy Kit (Qiagen, Hilden, Germany). Purity and concentration of RNA samples were determined spectrophotometrically (GeneQuant, Pharmacia Biotech, England, UK). Additional verification of RNA quantity was determined by measuring OD 260 with a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). RNA integrity was determined by fractionation on 1% agarose gel and staining with ethidium bromide. Reverse transcription and quantitative real time PCR were performed as described before.
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Beclin1 primers: 5′-gagaggagccatttattgaaac-3′ and 5′-ctccccaatcagagtga agc-3′. ADNP primers: 5′-cttacgaaaaaccaggactatc-3′ and 5′-gacattgcggaaa tgac-3′. ADNP2 primers: 5′-gaaagaaagtgagatatcgaacaaa-3′ and 5′-tggtcaatt tcatcttcatgg-3′. Bcl2 primers: 5′-cctgtggatgactgagtacc-3′ and 3′-gagacagcc aggagaaat-5′. BAX primers: 5′-agggtttcatccaggatcgag-3′ and 5′-cactcgctca gcttcttggt-3′ (human) and 5′-ggctggacactggacttcct-3′ and 5′-ggtgaggactccagccacaa-3′ (mouse). Primers for SQSMT1 (encoding for human p62): 5′-a gaatcagcttctggtccatcg-3′ and 5′-cttcttttccctccgtgctc-3′. All genes were normalized to the TATA box binding protein gene (reference gene): 5′ ggagccaagagtgaagaacag3′ and 5′cacagctccccaccatattc3′. The primers were designed using the primer 3 web interface (http://frodo.wi.mit.edu/ primer3/) and synthesized by Sigma-Genosys (The Woodlands, TX, USA).
Animal experiments
All experiments were conducted according to the guidelines for care and use of laboratory animals at Tel-Aviv University, under governmental permission.
CLZ treatment of rats
Fourteen Sprague-Dawley (SD) rats (7 control and 7 treated rats, three per cage), (Harlan, Rehovot, Israel) weighing 200-250 g (age 3 months) were kept at 12 h light/dark cycles. Food and water was provided ad libitum. Clozapine (CLZ, Sigma, St Louis, MO, USA) was administered in the drinking water (25 g per liter) for 21 days. 43 CLZ was dissolved in a minimum volume of 2 N HCl solution. 44 The solution was further diluted with drinking water, and the pH was adjusted using 10 N NaOH to neutral pH (6-6.5). Rats were sacrificed on the last day of drug administration. Spleen samples were taken and stored at −80°C.
Rats were decapitated and blood was collected. Rat lymphocytes were isolated from 10 ml of blood using the Ficoll-PaquePremium 1.084 density (GE Healthcare, Little Chalfont, UK) according to the manufacturer's instructions. RNA isolation was conducted using Trizol as described above. RNA from rat spleen was extracted using RNeasy Plus Micro Kit (Qiagen, Hilden, Germany). Purity, concentration and real time PCR were conducted as previously described 20, 35 (and as above).
ADNP +/ − mice ADNP knockout mice were developed at the Tel Aviv University laboratory of Professor Illana Gozes (corresponding author of the current paper). 23, 25 Nineteen mice (~6.5 months old) were decapitated, brains removed quickly, hippocampus was dissected, frozen in liquid nitrogen and maintained frozen (−80°C) until further processing. RNA and protein were extracted using Macherey-Nagel NucleoSpin kit. Reverse transcription and quantitative real time PCR were performed as previously described 45 (and as above).
Immunoprecipitation (IP)
Protein fractions were taken from the hippocampus of~6.5-month-old ADNP +/ − male mice and from wild-type mice (ADNP +/+ ) for further immunoprecipitation (IP) using the Co-IP kit (Pierce, Rockford, IL, USA) protocol as follows. 30 μl of A/G PLUS-Agarose beads were loaded to the IP column. Ten micrograms of anti-ADNP antibodies (Bethyl Laboratories Inc., Montgomery, TX, USA) were added to the beads followed by one hour incubation at 24°C. To cross link the antibodies to the beads, 2.5 mM DSS (disuccinimidyl suberate) were added to the IP column for one hour incubation. After that, cleared hippocampal mouse lysates (500 μg) were added to the IP columns and incubated (16 h, 4°C). Eluted antigen was identified by 15% polyacrylamide gel electrophoresis followed by western blot analysis for LC3B. 28 For assessment of the involvement of the NAP epitope in ADNP-LC3B interaction, extracts of the neuroblastoma cell line SH-SY5Y were used. 10 6 cells per 75 cm 2 flasks (Corning, NY, USA) were plated and incubated for 4 days in RPMI (Beit-Haemek, Israel) and was supplemented with 10% fetal calf serum (FCS, Beit-Haemek, Israel), 1% penicillin-streptomycin in a 5% CO 2 atmosphere. Lysates of 500 μg or similar lysates in the presence of 3 mg NAP were precipitated with 10 μg ADNP antibody on IP column loaded with A/G agarose beads for 16 h, 4°C and LC3B immunoreactive bands were detected as above.
RESULTS

Human subject study
Beclin1 expression values were significantly decreased in postmortem hippocampus of schizophrenia patients (Figure 1a ; **P o 0.01). Results are depicted as percent of change of gene expression [2^(-Δct)] with normal controls representing 100%. In fresh blood lymphocytes, no difference was detected in beclin1 expression between patients and normal controls, (Figure 1b ; P = 0.33). Hippocampal beclin1 expression did not correlate with age, in contrast to Bcl2, which specifically increased with normal but not with schizophrenia aging (Figures 1c and d) . Bax and p62 transcript expression were similar in the hippocampal samples of controls and schizophrenia patients and did not correlate with age (Bax: control, r = 0.245, P = 0.398; schizophrenia, r = 0.175, P = 0.532; p62: control, r = 0.241, P = 0.406; schizophrenia, r = − 0.122, P = 0.665). In contrast, lymphocyte Bcl2 transcript was significantly increased (~30%) in schizophrenia patients and tended to increase with age in the healthy controls (Figure 1e and f) .
Previous results have shown a significantly reduced correlation between ADNP and ADNP2 in postmortem hippocampus of schizophrenia patients. 38 Here, lymphocyte ADNP (like Bcl2) transcript expression was significantly increased in schizophrenia patients (Figure 2a ; 150%, ***P o 0.001). A 50% increase was observed in ANDP2 transcript in lymphocytes of schizophrenia patients ( Figure 2b ; *P o 0.05). When correlating gene expression with disease duration, ADNP levels showed a significant negative correlation (Figure 3a ; r = − 0.581, P = 0.037) which was not found for ADNP2 (Figure 3b ) and was attributed to the female patients (Figure 3c and d, r = − 0.76, P = 0.049). Similar correlations were seen with age in the female patient population, but not in the normal controls, or in males (Figures 3e and f) . Taken together, we show that schizophrenia patients exhibit decreased hippocampal beclin1 transcript levels, along with the previously shown increase in ADNP2 levels (deregulation of ADNP/ ADNP2 correlation) 38 and correlation of Bcl2 expression only in normal aging, with contrasting results in peripheral lymphocytes, showing no change in beclin1 with a significant increase in ADNP, ADNP2 and Bcl2.
The effect of clozapine (CLZ) treatment
To evaluate whether the changes in ADNP and ADNP2 transcript levels in circulating lymphocytes reflect disease pathology or pharmaceutical intervention, rats were chronically treated with CLZ. No significant effect of CLZ treatment on ADNP and ADNP2 transcript levels was observed (Figure 4a and b, respectively) . In parallel, rat spleen ADNP transcript level was not affected by CLZ treatment (Figure 4c ), while that of ADNP2 was found to be significantly increased as a consequence of CLZ treatment ( Figure 4d ; *P o0.05). Is there an association between beclin1, Bcl2 and ADNP expression? To examine whether the changes in beclin1 and ADNP are linked, we tested beclin1 RNA level of expression in~6.5-month-old ADNP heterozygous (ADNP +/ − ) mouse hippocampus. It should be noted that previous studies did not show deregulation of ADNP2 transcripts in this model. 28 Our results now showed that beclin1 RNA expression was decreased by~20% in the ADNP-deficient mouse hippocampus ( Figure 5a ; *P o 0.05) coupled to an~30% increase in Bcl2 ( Figure 5b ; *P o 0.05), suggesting an impact of ADNP deregulation on brain autophagy/apoptosis.
Protein-protein interaction between ADNP and LC3B To further assess the potential involvement of ADNP in autophagy, suggested by previous two hybrid system results, indicating that ADNP interacts with LC3B, 17 we conducted ADNP immunoprecipitation followed by western blot analysis with anti-LC3B antibodies. Our results showed that hippocampal ADNP directly interacted with LC3B in ADNP +/+ mice (Figure 5c ). The extent of the interaction was drastically decreased in the ADNP haploinsufficient (ADNP +/ − ) mice (Figure 5c ) which exhibited a twofold reduction in ADNP expression. 25 Furthermore, incubation of the LC3B-ADNP immune complex in the presence of NAP, the ADNP-derived drug candidate (davunetide) increased the LC3B-ADNP interaction, resulting in augmented LC3B-like immunoprecipitation by the ADNP antibody with two bands, representing the LC3 autophagy-related posttranslational modification.
CONCLUSIONS
We found decreased beclin1 mRNA levels in the hippocampus of schizophrenia patients. Since beclin1 has a crucial role in the initiation of the autophagy process that is associated with the initiation of apoptosis, this protein may be regarded as a revolving door-with increased levels leading to autophagy and decreased levels leading to apoptosis. The finding is unique to the hippocampus as no changes were detected in fresh blood lymphocytes. In contrast to beclin1, Bcl2, ADNP and ADNP2 transcripts were significantly increased in lymphocytes from schizophrenia patients. The increase may reflect a compensatory mechanism coping with increasing pathology at the initial disease stage. In this respect, it should be borne in mind that ADNP can be found in the extracellular milieu and may be secreted to provide a protective environment. 27 The negative correlation with disease progression, found particularly in female patients, might be related to the sexual dichotomy in ADNP expression, previously observed in the mouse hypothalamic arcuate nucleus that is regulated by estrogen levels. 46 Indeed, sex differences in the incidence, onset and course of schizophrenia have led to the hypothesis that estrogens have a protective role in the pathophysiology of this disorder and that estradiol could be an effective augmentation strategy in the treatment of women with schizophrenia. 47 Rat lymphocyte ADNP transcript levels did not significantly change following CLZ treatment, suggesting that the changes in ADNP expression may well be associated with the disease pathology. Interestingly, new findings show that mutations in ADNP are linked to autism. 48 In contrast, ADNP2 levels were significantly increased by CLZ treatment, implicating ADNP2 as a possible peripheral biomarker responding to neuroleptic intervention.
ADNP deficiency in mice has previously been associated with learning and with social deficits, coupled with reduced neuronal protection, age-related enhanced cell death as well as tau/ microtubule pathology. 25 Here, we show for the first time that hippocampal ADNP deficiency paralleled reduced beclin1 expression which, in turn, parallels increased tauopathy and cell death. 25 These results are in agreement with published data in a tauopathy model showing reduced neurodegeneration by trehalose-induced increased autophagy 49 at the level of activation of LC3 cleavage. We now show that ADNP directly interacts with LC3B, implicating the requirement of a healthy ADNP system for the apoptotic/ autophagy processes.
As autophagy has a role in synaptic and dendritic function, the present findings raise the possibility that normalizing beclin1 levels and compensating for ADNP/ADNP2/Bcl2 deregulation towards healthy values may provide novel therapeutic targets in schizophrenia. In this respect, NAP (davunetide), shown to have a positive impact on the activities of daily living, coupled to brain protection, in schizophrenia patients, 40 ,41 may provide partial compensation for the deregulated ADNP system by increasing ADNP-LC3B interaction and, as recently shown, by restoring the autophagic function. 50 
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